Over 40,000 sugarcane (Saccharum officinarum) consensus sequences assembled from 237,954 expressed sequence tags were compared with the protein and DNA sequences from other angiosperms, including the genomes of Arabidopsis and rice (Oryza sativa). Approximately two-thirds of the sugarcane transcriptome have similar sequences in Arabidopsis. These sequences may represent a core set of proteins or protein domains that are conserved among monocots and eudicots and probably encode for essential angiosperm functions. The remaining sequences represent putative monocot-specific genetic material, one-half of which were found only in sugarcane. These monocot-specific cDNAs represent either novelties or, in many cases, fast-evolving sequences that diverged substantially from their eudicot homologs. The wide comparative genome analysis presented here provides information on the evolutionary changes that underlie the divergence of monocots and eudicots. Our comparative analysis also led to the identification of several not yet annotated putative genes and possible gene loss events in Arabidopsis.
Flowering plants (angiosperms) originated approximately 200 million years ago (MYA; Wolfe et al., 1989; Wikstrom et al., 2001 ) and subsequently diverged into several lineages that further diversified to form the approximately 250,000 angiosperm species known today (Wikstrom et al., 2001) . A wide range of morphological, developmental, and metabolic diversity has allowed angiosperms to adapt to contrasting environmental conditions. This variability also contributed to their domestication. Eudicot species of the families Fabaceae (lentil [ (Yang et al., 1999) . Within the monocotyledons, the grass family (Poaceae), which arose about 60 MYA (Kellog, 2001) , includes important staple crops such as rice (Oryza sativa), maize (Zea mays), wheat, sugarcane (Saccharum officinarum), barley (Hordeum vulgare), and sorghum (Sorghum bicolor).
Comparative genomics provides a starting point for understanding the genetic basis of the biological diversity among plant species. In this regard, the genome sequences of two model plants, the eudicotyledon Arabidopsis (family Brassicaceae; Arabidopsis Genome Initiative, 2000) and the monocotyledon rice (family Poaceae; Feng et al., 2002; Goff et al., 2002; Sasaki et al., 2002; Yu et al., 2002) are expected to have a profound impact on plant genetics and our understanding of plant evolution (Somerville and Somerville, 1999; Poethig, 2001) . Comparative genome analysis has already shown that a major source of functional innovation is related to gene family amplification by genome-wide, local chromosome and tandem gene duplication (Lynch and Conery, 2000; Vision et al., 2000; Copley et al., 2001; Poethig, 2001; Sankoff, 2001; Kondrashov et al., 2002) . In addition, new combinations of functional protein domains created by exon shuffling (Henikoff et al., 1997; Rubin et al., 2000) , the invention of new protein domains by rapid sequence divergence from preexisting motifs (Koonin et al., 2000; Rubin et al., 2000) , gene loss (Aravind et al., 2000; Braun et al., 2000; Ku et al., 2000; Allen, 2002) , and horizontal gene transfer (Lander et al., 2001; Salzberg et al., 2001; Stanhope et al., 2001 ) have been implicated in the generation of the genetic diversity among eukaryotes.
One approach to obtain information about genome diversity among angiosperms is through comparative analysis of the available angiosperm sequences, which include the Arabidopsis and rice genomes and the large amount of expressed sequence tags (ESTs) that have been produced from several monocots and eudicots. Within this framework, we have generated approximately 240,000 ESTs from sugarcane, an economically important monocot crop belonging to the grass family (Grivet and Arruda, 2002) . These ESTs were assembled into 42,982 contigs and single sequences, hereafter referred to as sugarcane assembled sequences (SASs), which may represent unique sugarcane transcripts ). The SAS sequences were analyzed in a bioinformatic pipeline focused on the comparison of the sugarcane transcriptome with eudicot and monocot sequences. The rational for this approach was to thoroughly search the sugarcane sequences against the reference genome of Arabidopsis and all eudicot ESTs. This strategy identified approximately 30% of SASs, which may represent monocot-specific sequences.
RESULTS
A total of 237,954 sugarcane ESTs were assembled into 42,982 SASs, which were estimated to represent over 30,000 unique genes (Vettore et al., 2003) . These SASs were compared with DNA and protein sequences from a set of angiosperms according to the pipeline shown in Figure 1 , using BLAST tools (cutoff E value of e Ϫ5 ). Because the SAS consensus sequences did not necessarily represent full-length cDNAs, the estimated sequence conservation may have been limited to protein portions that may represent functional domains.
The first step of the analysis was to estimate the set of SASs that was similar to sequences of the model eudicot organism Arabidopsis. This step revealed that 70.5% of the SASs matched the Arabidopsis sequences (denoted "Arabidopsis matches" in Table I and Fig. 1) . Interestingly, 99.1% of the SASs belonging to the Arabidopsis matches class also had a significant match with the rice genome ( Table I) , so that these SASs may define a core set of conserved eudicot-monocot sequences. The remaining 29.5% of the SASs were further compared with the genome sequence of rice and with ESTs from other eudicots and monocots (Fig. 1) . Approximately 2.0% of the SASs matched sequences from other eudicots ("other eudicots" in Table I and Fig. 1 monocots, but not eudicot sequences, and, thus, were assumed to be monocot-specific genes ("monocot class" in Table I and Fig. 1 ). The remaining SASs (13.5%, "no matches" in Table I and Fig. 1 ) were only found in the sugarcane transcriptome (see also Supplemental Table I ).
Potential Gene Loss in the Arabidopsis Genome
Of the 2% of SASs not present in Arabidopsis but with significant similarity with ESTs from other eudicots ("other eudicots" in Table I and Figs. 1 and 2A), 90% matched ESTs from monocots. The simplest interpretation for this is that the genes corresponding to these conserved angiosperm sequences were lost in Arabidopsis. To evaluate this possibility, the set of SASs in the "other eudicots" group that had a significant similarity (E values lower than e Ϫ10 ) with proteins in GenBank was investigated further. We identified 16 SASs, which could represent 13 gene loss events in Arabidopsis (Table II, see also Supplemental Table II ). Of these, three encoded proteins involved in stress-and pathogen-induced responses in plants, one was similar to a bacterial protein from the family of atrazine and melanine chlorohydrolases, and another one was homologous to the human tRNA-guanine transglycosylase. The remaining eight genes encoded proteins with unknown functions (Table II). Interestingly, three of the hypothetical proteins were similar to proteins from cyanobacteria (Synechocystis sp). Therefore, these SASs may represent chloroplast proteins encoded by nuclear genes acquired from the ancestral cyanobacterial symbiont (Rujan and Martin, 2001 ). This hypothesis is supported by the presence of putative chloroplasttargeting signals at the N-terminal part of the sugarcane polypeptides (data not shown).
Phylogenetic analyses for alignments generated for each of these 13 genes and their homologs, which were retrieved from GenBank, were consistent with known species phylogeny, thus supporting the view of gene loss in the Arabidopsis lineage (data not shown). An example of the phylogeny analysis is shown in Figure 3 for the SASs encoding a polypeptide similar to the E. coli apaG (Table II) . Two groups of sequences homologous to the bacterial apaG gene were identified in some angiosperms. One group included sequences from several eudicots and monocots but not from Arabidopsis and metazoans (group A, Fig. 3 ). The other group (group B, Fig. 3 ) suggested that in the ancestral lineage of plants and metazoans, an apaG homologous sequence was recruited to a protein containing an F box to form a new protein, which has been conserved in Arabidopsis. This evolutionary pattern of apaG homologous sequences can be explained most simply by differential gene loss events.
Comparison of the Sugarcane Transcriptome with the Rice Genome
Two draft sequences of the full rice genome have been published and were predicted to encode 32,000 to 55,000 genes (Goff et al., 2002; Yu et al., 2002) . Comparative analysis showed that 81.6% of the SASs had a significant match with the rice genome (Fig.  2B ). This higher proportion of sugarcane-rice matches compared with the sugarcane-Arabidopsis matches (70.5%) was expected considering the evolutionary distance between the latter two species and may correspond to the divergence of eudicots and monocots. Of the remaining SASs without a significant match with the rice genome, 4.9% had matches with sequences from other plants. These SASs may correspond to gene losses in rice or to portions of the rice genome that have not been sequenced yet. The latter possibility is supported by the observation that 572 SASs had a match with rice ESTs but not with the rice genomic sequence.
Monocotyledon-Specific Sequences
A fraction of 27.5% of the SASs showed no significant similarity with any eudicot sequences. Approximately half of these SASs (5,996) had significant matches with monocot sequences, including the rice genome, and were designated "monocots" (Table I; Figs. 1 and 2A) because these SASs may correspond to sequences restricted to monocot species. Alternatively, some of them may correspond to fast-evolving portions of proteins belonging to families conserved among angiosperms. Such cases could be detected through anchor monocot homologous sequences that would link the portion evolving at high rates to the more conserved sequences i.e. important functional domains, that characterize these conserved protein families (Fig. 4) . According to this rational, the monocot EST corresponding to the best match of each SAS was used as anchor query sequences in a further comparison with eudicot EST sequences. When significant matches were found, the SAS contained in the anchor sequence was interpreted to be a fastevolving sequence. Using this approach, 21% (1,368) of the SASs in the "monocots" were found to be sequences possibly evolving at high rates. The remaining SASs (79%, 5,028) may represent sequences that can be defined more strictly as monocot specific and could, theoretically, represent evolutionary novelties, loss events in eudicots, or horizontal gene transfers.
To further evaluate the participation of these different evolutionary processes in the production of monocot-specific sequences, a manual validation of SASs that had a significant similarity with proteins in GenBank was undertaken. Most of these (164 of 215) could be organized into the four following categories: mobile genetic elements, transcription factors, stress and defense responses, and putative hypothetical rice proteins (Table III; see also Supplemental Table  III ). This pattern is likely to partly reflect the bias introduced by the more representative monocot proteins present in the databases. A large proportion (approximately 76%) of the 215 SASs were found to correspond to fast-evolving sequences, according to the rational described above and using the GenBank best matches as anchor query sequences (Table III) .
These results indicate that accelerated evolution of specific sequences of conserved eudicot-monocot protein families is an important aspect of angiosperm evolution. Consistent with this idea, and considering the mobile genetic elements within the "monocots," the anchor analysis revealed eudicot relationships for the transposon and retrotransposon sequences. Thus, these mobile genetic elements represent highly divergent sequences of eudicot-monocot conserved transposons. Also of interest were the rapidly evolving sequences in the category of transcription factors (Table III) , which may promote changes in transcriptional regulatory networks (Van der Hoeven et al., 2002) . In addition, most of the fast-evolving sequences in the stress and defense responses category (Table III) were from resistance genes (R genes). This observation was consistent with previous results indicating adaptive evolution among R genes (Bergelson et al., 2001) . The remaining 51 SASs represented monocot-specific sequences that may correspond to evolutionary novelties. These SASs were divided into two subsets. One of these (14 SASs) represented monocot-specific motifs or domains that are integrated in conserved eudicot-monocot proteins (Table Figure 1 and Table I. III). Such cases may represent monocot-specific protein architectures. The second subset (37 SASs) identified monocot-specific proteins, most of which corresponded to rice putative or hypothetical proteins of unknown function (Table III) . A minor group of monocot-specific proteins of known function was also identified and included seed storage prolamines, an antifungal peptide, and a phytase required for phytic acid (phosphorous storage) degradation.
Sugarcane-Specific Sequences
The proportion of SASs that did not match sequences from any other angiosperm was still high (5,812, corresponding to 13.5% of the SASs). This "no match" group (Table I ; Fig. 2A ) may correspond to highly variable sequences that either diverged significantly (evolving at high rates) from their homologs in other monocots or that are specific for sugarcane. Alternatively, they may represent 5Ј-or 3Ј-untranslated sequences that are likely to be under low selective pressure and, therefore, would not be detected by this comparison, which relied on open reading frames. The 68 SASs with significant matches to proteins of other organisms (non-plant) were analyzed further. Of these, 34 were similar to fungal proteins, 11 to bacterial proteins, 16 to proteins from other organisms (including human), and three to plant virus proteins. Some of these examples are most likely contaminants from endophytic organisms or other sources, but horizontal gene transfer cannot be excluded. The remaining four SASs matched DNA sequences from plants that were not included in the pipeline. The extent to which these 5,812 SASs of the "no match" class represent novel genes restricted to sugarcane remains to be determined.
Non-Mapped EST Homologs in Arabidopsis Chromosomes
ESTs are useful for locating and annotating potential genes in chromosomal sequences. This search is normally done using ESTs from the same organism because direct nucleotide sequence alignment allows the identification of the chromosomal region that is potentially transcribed and processed to produce the original mRNA (Seki et al., 2002) . However, when ESTs from the same organism are not available, the use of ESTs from closely related organisms may be valuable (Liu et al., 2001; Quackenbush et al., 2001; Fulton et al., 2002) . The comparison of sugarcane sequences with Arabidopsis chromosomal DNA and annotated protein data resulted in the identification of several potential new Arabidopsis genes. In all, 871 SASs matched chromosomal DNA of Arabidopsis but showed no significant match with annotated proteins from this plant (see also Supplemental Table  I ).
The fact that these SASs matched the Arabidopsis genome does not mean that they correspond to nonannotated genes. Limitations are expected with this approach because false hits and pseudogenes can be traced. However, some features were used as criteria to validate the matches as candidate genes in Arabidopsis. First, 759 of 871 SASs (87%) had significant matches with DNA from other plants, implying that they encode conserved proteins, also expected to be found in Arabidopsis. Another criterion was the fact that the similarity of several SASs along the Arabidopsis DNA was discontinuous, indicating the presence of several exons. We found that 294 (34%) of these SASs fulfilled this last criterion. However, single matches (one exon) could also locate potential genes.
Two examples of potentially new genes in Arabidopsis are illustrated in Figure 5 . One of these ( Fig.  5A ) identified five exons of a putative protein involved in cell wall biogenesis. Two of the exons did not match the GenMark prediction (Lukashin and Borodovsky, 1998) , but there was no protein annotated at that locus. The other example is the case of a putative gene in Arabidopsis that probably has been only partially annotated (Fig. 5B) . The SAS identified one exon that includes two predicted by the GenScan program (Burge and Karlin, 1997) . This exon and a close annotated gene share strong similarity with different, contiguous positions of the alpha-1,3/4-fucosidase-precursor gene from bacteria, and are probably two exons of the same gene.
DISCUSSION
A comprehensive genome analysis using the consensus sequences assembled from approximately 240,000 sugarcane ESTs has revealed a core set of conserved eudicot-monocot sequences corresponding to 70.5% of the SASs. This result agrees with that found in a maize versus Arabidopsis (Brendel et al., Figure 4 . Schematic representation of the strategy used to detect possible fast-evolving sequences among SASs of the monocots class. Stretches of sequences that evolve at a high rate and belong to gene families conserved among angiosperms may be detected through a closely related homologous sequence called anchor sequence. The anchor sequence would link the fast-evolving sequence to a conserved domain that characterizes the angiosperm gene family. In this approach, the monocot EST corresponding to the best match of each SAS was used as an anchor sequence to search for possible eudicot homologous sequences using TBLASTX and a cutoff E-value limit of e Ϫ5 .
Table III. Evaluation of the monocot groups of SASs
These SASs had a significant match with sequences in GenBank. Transposons  29  0  0  Transcription factors  17  2  0  Stress and defense responses  28  1  2  Hypothetical rice proteins  48  9  28  Others  42  2  7   Total  164  14  37 a Fast-evolving sequences were identified according to the anchor scheme described in Figure 4 .
b Monocot-specific motifs/domains refer to sequences encoding approximately 50 or more amino acids, which were not detected as fast-evolving sequences.
c Monocotspecific proteins refer to proteins lacking any similar sequences in eudicots based on BLAST comparison. See also Supplemental Table III. 2002) and rice full cDNA and Arabidopsis (Kikuchi et al., 2003) comparison and suggests that approximately two-thirds of the genes expressed in monocots encode conserved proteins that fulfill similar angiosperm functions.
A set of sugarcane sequences was found to be conserved among angiosperms but was missing in Arabidopsis (Table II; Fig. 2 ). This finding suggests that the corresponding genes were present in the ancestor of monocots and eudicots and were subsequently lost in Arabidopsis. This conclusion agrees and complements the recent reports (Allen, 2002; Van der Hoeven et al., 2002) , that compared eudicot ESTs with Arabidopsis sequences. These genes, which are missing in Arabidopsis, are expected to be unessential to angiosperms but may confer some selective advantage because they have been retained in distantly related plant species. Functionally related proteins may compensate for these losses. Alternatively, because some of these sequences are conserved among several eukaryote groups, they are likely to represent essential genes, and their absence in Arabidopsis raises the possibility that they still remain to be sequenced in this organism. These data are consistent with the idea that differential gene loss is an active process in the evolution of angiosperm genomes (Lynch and Conery, 2000; Allen, 2002) .
Our comparative analysis revealed a set of sequences that appears to be specific to monocots. This monocot class of SAS is of particular interest because it may include sequences that could be related to monocot-specific traits and may represent true evolutionary novelties or gene losses in eudicots. A detailed analysis of these sequences indicated that a significant proportion corresponded to fast-evolving sequences found in members of conserved angiosperm gene families. A high rate of evolution can be related to low functional constraints and/or functional diversification. This latter possibility is more likely to be responsible for the production of new protein functions that may be involved in the differentiation of a specific evolutionary lineage. Gene duplication followed by sequence divergence is the main means for functional diversification (Lynch and Conery, 2000; Wendel, 2000) . The finding that transcription regulatory factors are well represented as a functional category in the monocot class suggests that alterations in the transcriptional regulatory network are an essential feature of angiosperm evolution, in agreement with previous observations (Doebley and Lukens, 1998; Cronk, 2001; Van der Hoeven et al., 2002) .
Some SASs of the Monocot class appeared to define new protein architecture that resulted from the association of monocot-specific sequences with conserved eudicot-monocot protein domains. These cases may represent exon shuffling events that could possibly lead to new functions. Together, these data indicate that evolutionary events underlying the differentiation of eudicots and monocots relies on functional diversification (generating new proteins functions) from duplicated copies of conserved gene families and on the acquisition of novel protein sequences.
Recently, a rice versus Arabidopsis comparison indicated that almost one-half of the 53,398 genes predicted in the rice genome (Yu et al., 2002) did not have a match in Arabidopsis. These results conflict with our findings that 70.5% of the sugarcane sequences matched with Arabidopsis protein sequences. This discrepancy could result from an overestimation of the number of rice genes. If one assumes that the sugarcane data set is representative of a monocot transcriptome, a correction factor of 1.4 (70.5%/49.4%) would result in an estimation of approximately 38,000 rice genes (approximately 53,400/1.4). This is significantly greater than what has been found for Arabidopsis but close to the estimate of 35,000 genes for the tomato genome ( Van der Hoeven et al., 2002) . If this hypothesis is correct, then one would expect the number of genes in angiosperms to be 35,000 to 38,000 per genome and would indicate that plants have a very plastic and dynamic genome (for example, because of polyploidization or segmental duplications) capable of maintaining a similar number of genes. Our data also indicate that during the 200 MY since separation of the monocots and eudicots, approximately two-thirds of their genes have been kept very similar, whereas the remaining one-third consists of fast-evolving sequences or specific genes that could account for the differences between these two types of plants. The sugarcane EST collection used in this study represents one of the largest and most representative transcriptome data set for a monocotyledon species. The evolutionary proximity of rice and sugarcane means that a large number of homologous sequences are to be expected from these two species. Hence, the sugarcane ESTs provide an important contribution to studies of the published draft genome of rice (Goff et al., 2002; Yu et al., 2002) . Direct BLAST comparison can generate genetic information such as the confirmation of gene loci. The distribution of ESTs in different libraries (representing the mRNA expressed in different tissues or plant culture conditions) may also reflect a quantitative means of generating gene expression patterns for specific genes (Souza et al., 2001) . For this, the SASs provide an important fraction of putative full-length genes (Vettore et al., 2003) . These features may be used to locate sequences upstream of genes with known pattern of expression in different tissues. This, in turn, may help in the identification of putative promoters, which could be useful for crop improvement through plant genetic engineering. The fact that 12,208 SASs are probably information specific to monocots make these sugarcane genes important starting points for the identification of monocot-specific traits.
MATERIALS AND METHODS
The sugarcane (Saccharum officinarum) EST sequences were from the SUCEST project, which has been described previously ) and had low redundancy because the cDNA libraries were from different tissues and physiological conditions (Vettore et al., 2001) . The set of 237,954 sequences was trimmed and assembled in 42,982 contigs and singletons (SASs) using the CAP3 program . General information for these sequences was previously described (Vettore et al., 2003) and can be accessed (http://sucest.lad.ic.unicamp.br/public). Investigation of sequence similarities between SASs and other plants was conducted using BLASTX and TBLASTX algorithms (Altschul et al., 1997 ).
The cutoff E value limit of e Ϫ5 , a standard threshold, was used to define significant similarity. The Arabidopsis sequences were from the Munich Information Center for Protein Sequences (http://www.mips.biochem. mpg.de/proj/thal; Schoof et al., 2002 .
The presence of chloroplast target peptide was predicted with the ChloroP program (Emanuelsson et al., 1999 ; http://www.cbs.dtu.dk/services/ ChloroP/). Protein phylogeny distance analyses were done with the NEIGHBOR program (PHYLIP program, Phylogeny Inference Package, version 3.57c, Department of Genetics, University of Washington, Seattle; Felsenstein, 1993; 1997) using a distance matrix generated by the PROTDIST program utilizing the PAM001 matrix.
